Introduction {#s0001}
============

The landscape of cancer treatment has changed drastically over the past few decades.[@cit0001] Unlike classic cytotoxic chemotherapies, adoptive cellular therapies such as chimeric antigen receptor (CAR)-T-cell therapy allow us to harness the power of the immune system to fight cancer cells by redirecting cytolytic T-cell activity towards tumor cells.[@cit0002] Immunotherapies have demonstrated impressive clinical efficacy in treatment of a number of cancers that were once thought to be incurable.[@cit0002],[@cit0004] T-cell engaging immunotherapies, including CAR-T and Bispecific T-cell engagers (BiTEs), also elicit unique toxicities. Two of these toxicities, cytokine releases syndrome (CRS) and neurotoxicity, can occur early after treatment with CARs or BiTES and be life-threatening. CRS occurs as a result of non-antigen specific immune activation that clinically and biologically mimics macrophage activation syndrome (MAS)/hemophagocytic lymphohistiocytosis (HLH).[@cit0005],[@cit0006] Therapies are needed that treat these unwanted side-effects without impacting the efficacy of the immunotherapies.

Of particular interest is tocilizumab, a humanized, immunoglobin G1κ (IgG1κ) anti-human interleukin-6 receptor (anti-IL-6R) monoclonal antibody (mAb) that originally received US Food and Drug Administration (FDA) approval in the late 2000s for treatment of various rheumatologic diseases such as rheumatoid arthritis, systemic and polyarticular juvenile idiopathic arthritis, and giant cell arteritis.[@cit0007],[@cit0011] In 2012, our institution treated the first pediatric patient with relapsed/refractory (r/r) B-cell acute lymphoblastic leukemia (B-ALL) with CD19 antigen directed CAR-T-cell therapy.[@cit0012] Several days after infusion of engineered T-cells, she became critically ill with unrelenting high fevers, requiring invasive mechanical ventilation and multiple vasopressors. Etanercept was tried empirically without benefit. A cytokine panel was subsequently sent which revealed significantly elevated levels of a number of cytokines including IL-6, therefore tocilizumab was given. Within several hours of receiving this drug, her condition radically improved, and she has since remained leukemia free. This led to adoption of tocilizumab for CRS, eventually leading to its FDA approval for the treatment of CAR-T-associated CRS in patients 2 years of age and older in 2017.[@cit0013] Almost a decade after first being used for CRS, the experience with the use of tocilizumab for this indication has increased significantly. The goal of this review will be to highlight updated clinical evidence for the use of tocilizumab in the management of CRS and address current challenges and limitations of this drug.

Basics of Drug {#s0002}
==============

IL-6 is a soluble mediator with a pleiotropic effect on inflammation, immune response, and hematopoiesis.[@cit0008] During inflammation, it has been shown that IL-6 can up-regulate Th17/Treg balance, promote T-follicular helper-cell differentiation, induce differentiation of CD8+ T-cells into cytotoxic T-cells, and activate B-cells into antibody-producing plasma cells.[@cit0014],[@cit0016] IL-6R exist as two forms, either membrane bound or soluble. Binding of IL-6 to IL-6R alone does not lead to signaling, but instead requires the IL-6/IL-6R complex to interact with gp130, a protein that is expressed on all cells. This will subsequently induce homodimerization of gp130 and initiate intracellular signaling via the Jak/Stat pathway.[@cit0017] In classical IL-6 signaling, IL-6 binds to membrane bound IL-6R and gp130. However, as membrane-bound IL-6R is only expressed on hepatocytes, some epithelial cells and leukocytes, most cells are not responsive to classical IL-6 signaling. In trans-IL-6 signaling, IL-6 binds to soluble IL-6R, and this complex then interacts with gp130 expressing cells ([[Figure 1](http://Figure%201)]{.ul}).[@cit0017],[@cit0018] The composite effect of these changes is thought to serve as the driver for host immune dysregulation, including autoimmune diseases, and acute inflammatory responses such as cytokine release syndrome.

Because of this, targeting of IL-6 became an attractive treatment strategy for various immune-mediated diseases where elevated IL-6 or activated Jak-Stat signaling are involved in the pathogenesis of the disease. Tocilizumab is a humanized anti-IL-6R monoclonal Ab of the IgG1 class that was generated by grafting the complementarity determining regions of a mouse antihuman IL-6R Ab onto human IgG1.[@cit0007] This drug works by blocking IL-6-mediated signal transduction by inhibiting IL-6 binding to IL-6R ([Figure 1](#f0001){ref-type="fig"}). Specifically, data suggest tocilizumab blocks both cis- and trans-IL-6 signaling pathways.[@cit0018] Pharmacokinetic (PK) and pharmacodynamic (PD) relationships have been studied extensively in both healthy subjects and patients with rheumatologic diseases.[@cit0019],[@cit0020] As c-reactive protein (CRP) is induced primarily by IL-6 under inflammatory conditions, it is often used as a PD parameter of tocilizumab.[@cit0021] Phase I studies have shown that adult patients with rheumatoid arthritis treated with 2 mg/kg, 4 mg/kg, and 8 mg/kg tocilizumab intravenously every 2 weeks had significantly decreased dose-dependent levels of CRP, as well as decreased erythrocyte sedimentation rate (ESR), with the greatest change observed with 8 mg/kg. CRP levels normalized as early as week 2 in the 8 mg/kg cohort. The serum level of CRP remained undetectable as long as the concentration of free tocilizumab was \> 1 μg/mL, suggesting that tocilizumab inhibits IL-6 induced increases in CRP levels directly. Fixed dosed subcutaneous formulation of tocilizumab (162 mg given weekly or every 2 weeks) has similar efficacy as compared to intravenous formulation of tocilizumab (8 mg/kg given every 4 weeks).[@cit0020] Tocilizumab also has a non-linear PK profile in the dose range of 2--8 mg/kg and undergoes biphasic elimination from the circulation.[@cit0021] Bioavailability of tocilizumab is rapid, and maximal serum concentration is reached after 2 hours (with infusion of 10 mg/kg intravenously). In patients with underlying rheumatologic diseases, the half-life of this drug at steady state is ≤11 days for 4 mg/kg given every 4 weeks intravenously, and 13 days for 8 mg/kg given every 4 weeks.[@cit0021] Specifically, in patients with adoptive cellular therapy associated CRS, using a dosing parameter established in previous non-oncologic studies (\<30 kg received 12 mg/kg, and ≥30kg received 8 mg/kg), PK and PD of tocilizumab in pediatric B-ALL patients who received CTL019 CAR-T therapy (former name of tisagenlecleucel) was found to have increased clearance over other disorders, and did not impair the function of CAR-T-cells.[@cit0013],[@cit0022]

Clinical Efficacy of Tocilizumab {#s0003}
================================

Tisagenlecleucel {#s0003-s2001}
----------------

In the Phase 1/2a CTL019 study conducted in 2014 of patients receiving tisagenlecleucel (a second-generation CAR-T-cell product using CD137 (4--1BB) as co-stimulatory domain) for children and young adults with r/r B-ALL, CRS occurred in all 30 patients. Although assessment and grading of CRS have varied considerably across clinical trials, generally, severe CRS is defined as the presence of life-threatening organ dysfunction, often requiring significant cardiovascular and respiratory support.[@cit0023],[@cit0025] Eight of the 30 patients developed severe CRS and required intensive care management and vasopressor support for hypotension with varying degrees of respiratory support. All patients with severe CRS received tocilizumab for persistent hypotension unresponsive to fluid boluses, which resulted in rapid defervescence and stabilization of blood pressure, with improvement over a period of 1--3 days. Six patients also received short courses of glucocorticoids, and four patients received a second dose of tocilizumab for recrudescence of CRS.[@cit0002] Interim analysis showed 14 of 39 (36%) patients developed cardiovascular dysfunction, of which 13 had profound fluid-refractory vasoplegic shock treated with α-agonist infusions and one had cardiomyopathy with diminished left ventricular systolic function supported with milrinone. Within this cohort, all 13 patients with fluid-refractory shock were considered to have severe CRS and were treated with tocilizumab. Nine of thirteen patients received one dose, and four received two or three doses due to partial response or recurrence of symptoms. The first dose of tocilizumab was administered after a median of 5 days after CTL019 infusion in this cohort of patients, and catecholamine-dependent shock demonstrated complete resolution over a median of 4 days after tocilizumab administration. Of note, eight subjects were also treated with short courses of corticosteroids, including the four subjects who received multiple doses of tocilizumab secondary to clinical deterioration at that time. All patients requiring tocilizumab and/or steroids recovered from severe CRS and achieved disease remission.[@cit0026] Most recent updated analysis demonstrates CRS occurring in 50 of 65 patients (77%), and 39% of patients received tocilizumab with or without other anti-cytokine therapies. Thirty-one patients required intensive care unit level care, but all cases of CRS were reversible.[@cit0027]

Incidence of CRS in the ELIANA trial, a Phase 2, single cohort, multicenter global study occurred in 58 of 75 patients, and the median time to onset was 3 days (range=1--22 days). Thirty-five of 75 patients were admitted to the intensive care unit for management of CRS; 19 patients were treated with high dose vasopressors, 33 received oxygen supplementation, 10 received mechanical ventilation, and seven underwent dialysis. Twenty-eight patients received tocilizumab for management of severe CRS.[@cit0028] In an updated analysis, CRS occurred in 75 of 97 (77%) patients, of which 48% had severe CRS. Thirty-nine percent of patients with severe CRS received tocilizumab with or without other anti-cytokine therapies. Similar to the CTL019 trial, all cases of CRS were reversible.[@cit0027]

In both the CTL019 and ELIANA trial, no significant adverse events were associated with the administration of tocilizumab. Use to tocilizumab did not seem to affect clinical efficacy of CAR-T-cells. All patients who received tocilizumab were able to achieve complete remission, had robust proliferation, and continued persistence of CAR-T-cells.[@cit0002],[@cit0028] However, the optimal timing to intervene with tocilizumab remains unknown, and use of tocilizumab as a prophylactic treatment strategy is being explored. There is an ongoing trial (NCT02906371) evaluating the efficacy of early tocilizumab in pediatric patients with high disease burden in order to mitigate tisagenlecleucel-associated severe CRS, with the hypothesis that preemptive immunomodulation could decrease rates of severe CRS without affecting engraftment and persistence of CAR-T-cells.[@cit0029],[@cit0030]

Axicabtagene Ciloleucel Trial {#s0003-s2002}
-----------------------------

In the phase 2 multicenter ZUMA-1 trial of patients receiving KTE-C19 (a second-generation CAR-T-cell product using CD28 as co-stimulatory domain) for adults with refractory aggressive non-Hodgkin lymphoma (NHL), CRS developed in 94 of 101 (93%) of patients. Twelve of the 94 patients (13%) had severe CRS, and vasopressors were used in 17% of these patients. The median time after infusion until the onset of CRS was 2 days (range=1--12 days). Forty-three percent of all patients, regardless of CRS severity, received tocilizumab and 27% received glucocorticoids. All CRS events were reversible and use of immunosuppression in treatment of CRS did not appear to affect the overall response among patients in this study.[@cit0031] In a retrospective analysis of pooled data from studies involving KTE-C19, it was reported that the median time from the start of CRS to the first dose of tocilizumab was 3 days (range=0--14 days). Five of 15 (33%) patients received two or three doses of tocilizumab per day, and the median total number of tocilizumab was two (range 1--13). Using the response criteria of being afebrile and off vasopressors for at least 24 hours within 14 days of the first dose of tocilizumab, eight of 15 (53%) patients demonstrated a response after a single dose.[@cit0013]

Other CAR Constructs and T-Cell-Engaging Therapies {#s0003-s2003}
--------------------------------------------------

In addition to tisagenlecleucel and axicabtagene, other CAR constructs have also demonstrated encouraging clinical efficacy. However, different CAR constructs confer different rates and severity of CRS. As the list of novel T-cell engaging therapies is exhaustive, this section will highlight several key trials that will serve to exemplify the effectiveness of tocilizumab in ameliorating unwanted toxicities. In the phase 1 CTL119 study using CD19-humanized CAR-T-cells, CRS was observed in 28 of 30 (93%) patients. Three patients had severe CRS, and all received tocilizumab with complete reversal of CRS symptoms.[@cit0032] In an updated analysis of a phase 1 trial using CD22-CAR-T-cells with a 4--1BB co-stimulatory domain, CRS occurred in 50 of 58 (86%) of patients, of which 12 (24%) had severe CRS. Twenty-three patients received tocilizumab, and 18 patients received corticosteroids. These interventions resulted in reversal of CRS symptoms. Interestingly, authors in this trial observed an increase in HLH-like features in those with CRS after incorporation of CD4/8 T-cell selection of starting apheresis products. In this subset of patients with HLH-like features, corticosteroids and/or anakinra, an anti-IL-1R antagonist was used. All patients had resolution of HLH-like symptoms with preserved CAR-T-cell expansion.[@cit0033],[@cit0034] Patients who receive blinatumomab infusion, a CD19/CD3 BiTE antibody, are also at risk for CRS syndrome. In the phase 2 multicenter, single-group study that treated 189 patients with r/r Philadelphia chromosome negative B-ALL, 2% of all patients developed severe CRS.[@cit0035] Though incidence of CRS is less common with blinatumomab compared to other CAR-T products, the clinical signs and symptoms are similar, and timing of CRS is generally limited to the first cycle of drug infusion.[@cit0036],[@cit0037] A retrospective review conducted using the Amgen global safety database reported a CRS incidence of 3.9% (39 of approximately 1000 cases) and, of these patients, six received tocilizumab. Tocilizumab was administered concurrently with corticosteroids in three cases, after corticosteroids in two cases, and both before and after corticosteroids in one case. Other interventions include stopping blinatumomab infusion, and all six patients had complete resolution of CRS symptoms.[@cit0038] Flotetuzumab, a novel CD123/CD3 bispecific dual-affinity re-targeting (DART) antibody, similarly confers a high risk of CRS. In the ongoing phase 1/2 multi-center, a single-arm study (NCT02152956) evaluating 30 adult patients with r/r acute myeloid leukemia (AML), almost all patients developed CRS. Severe CRS occurred in four patients, and most commonly occurred within the first week of treatment. Twenty (67%) patients received at least one dose of tocilizumab (median=2 doses, range=1--12 doses), and all patients recovered from CRS toxicity without an impact on flotetuzumab anti-leukemic activity.[@cit0039]

Advantages and Limitations of Using Tocilizumab for Management of CAR-T-Cell Therapy-Associated Toxicities {#s0004}
==========================================================================================================

As stated above, tocilizumab demonstrates impressive efficacy in the management of CAR-T-associated CRS. Unlike corticosteroids, it does not appear to suppress T-cell function and/or induce T-cell apoptosis.[@cit0040],[@cit0041] This is important as the challenge in toxicity management lies in controlling CRS symptoms without compromising clinical efficacy. Reassuringly, studies to date indicate that use of tocilizumab does not seem to affect the function of CAR-T-cells. In both the phase 1/2a CTL019 and ELIANA trials, all patients who received tocilizumab had robust proliferation and continued persistence of CAR-T-cells.[@cit0002],[@cit0028] Similarly, in both phase 1 and 2 of the ZUMA-1 trial, use of tocilizumab did not appear to ablate CAR-T-cell expansion nor alter CAR-T-cell related elevation of cytokines, chemokines, and immune effector molecules. Durable responses were also observed in patients who received tocilizumab and/or corticosteroids for toxicity management as well as those who did not.[@cit0031],[@cit0042] Finally, Davila et al[@cit0043] reported use of tocilizumab as monotherapy did not dampen expansion of CAR-T-cells in both peripheral blood and bone marrow.

Aside from CRS, another significant CAR-T-cell therapy associated toxicity is immune effector cell-associated neurotoxicity syndrome (ICANS).[@cit0026] Incidence of ICANS is noteworthy, as 30 of 75 (40%) patients in the ELIANA trial, and 65 of 111 (64%) patients in the ZUMA-2 trial (phase 2 KTE-C19 for patients with r/r mantle cell lymphoma) developed symptoms of neurotoxicity.[@cit0028],[@cit0031] Unlike CRS, the underlying pathophysiology of ICANS remains somewhat unclear. Recent studies are in support of a model whereby CAR-associated T-cell stimulation induces central nervous system (CNS) endothelial cell (EC) activation as an early event, initiating a cascade of coagulopathy and enhanced endothelial permeability, resulting in a breakdown of blood--brain barrier. High levels of inflammatory cytokines such as monocyte-derived IL-1 and IL-6 and CAR-T-cells then enter the CNS and initiate a feed-forward loop of continued EC and pericyte activation.[@cit0044],[@cit0047] As a result, common ICANS symptoms include headache, delirium, language disturbance, seizures, focal deficits, and diminished consciousness including coma. In severe cases, patients can develop cerebral edema and necrosis associated with intravascular microthrombi.[@cit0025] Despite such grave symptoms, limited therapeutic interventions are available, and management is primarily supportive. Unfortunately, targeting of IL-6R using tocilizumab has not been shown to be effective for either prevention or treatment of neurotoxicity.[@cit0048] This is likely secondary to the inefficient distribution into the CNS,[@cit0049] upregulation of IL-6, or involvement of other cytokines.[@cit0045],[@cit0050],[@cit0051] Therefore, tocilizumab is not an approved treatment for neurotoxicity associated with CAR-T-cell therapy.[@cit0013] However, owing to the increased level of IL-1 that is also seen in CRS and severe neurotoxicity, prophylactic treatment with anakarina, an IL-1R antagonist, has been promising. Mice that were treated prophylactically with anakinra compared to tocilizumab or placebo at the time of CAR-T-cell infusion were found to have an absence of meningeal thickening on postmortem examination, a finding that is supportive of neurotoxicity prevention.[@cit0046]

Safety/Adverse Events {#s0005}
=====================

In general, tocilizumab is a very well tolerated drug with minimal adverse events (AEs). Despite its potent immunosuppressive effects, the risk of serious infections attributed to tocilizumab monotherapy is comparable to other biologic disease-modifying antirheumatic drugs (DMARDs).[@cit0052],[@cit0053] In a study with 48 healthy subjects, tocilizumab was not associated with increased serious AEs. However, it is important to note that a black box warning in tocilizumab's label describing the increased risk of serious infections is present. This is based upon the ACTERMRA-IV data that included five double-blind, controlled, multicenter studies where patients received either 8 mg/kg tocilizumab monotherapy, 8 mg/kg tocilizumab in combination with disease modifying anti-rheumatic drugs including methotrexate, or 4 mg/kg tocilizumab in combination with methotrexate. Results indicate that the rate of serious infections in the tocilizumab monotherapy group was 3.6 per 100 patients-years compared to 1.5 per 100 patient-years in the methotrexate group. Aside from this, common AEs include headache (17% of patients), diarrhea (8% of patients), and neutropenia (60%) as defined by an absolute value below 1.5x10^9^/l and a decrease of 20% below baseline. No difference in AEs were found between intravenous or subcutaneous route of administration.[@cit0019] Similarly, in patients with various rheumatologic diseases, tocilizumab was also found to be well tolerated. Most common AEs in this population cohort include infection, gastrointestinal complaints, rash, headache, and rates of withdrawal of tocilizumab due to AEs were low.[@cit0020],[@cit0054] Finally, based on the FDA approval summary for tocilizumab for treatment of CAR-T-cell-associated CRS, no reports of AEs were attributable to tocilizumab. Although five patients in the CTL019 series and five patients in the KTE-C19 series died within 30 days of the first dose of tocilizumab, none were thought to be attributed to tocilizumab.[@cit0013]

Management of Severe CRS with Tocilizumab {#s0006}
=========================================

As CAR-T therapy-associated CRS can potentially be life-threatening, a major focus of research has been placed on identification of risk factors in developing severe CRS in order to determine optimal timing of tocilizumab administration. One of the most commonly identified risk factors is disease burden before CAR-T infusion, as higher tumor burden can presumably lead to higher levels of T-cell activation.[@cit0002],[@cit0055],[@cit0056] There are also clear data that demonstrate a higher infusion dose of CAR-T-cell products is associated with more severe CRS.[@cit0029],[@cit0055],[@cit0057] Although varying CAR-T-cell therapy constructs may have different in vivo expansion kinetics, different dosing strategies have been attempted. Interventions such as delivering an initial lower dose of CAR-T-cells to patients with higher disease burden, or increasing infusion time over 3 days with doses held on days 2 and/or 3 for early signs of CRS have all seemed to reduce rates of severe CRS at the respective institutions.[@cit0056],[@cit0057] Early elevation of inflammatory markers or cytokine profiles such as interferon gamma (IFN-γ), soluble gp130, soluble IL-6R, and IL-6 have also been found to be predictive of CRS severity and may potentially be used in guiding pre-emptive anti-cytokine directed treatment.[@cit0018] However, interpretation of the risk factors for severe CRS remains challenging, as different studies includes different diseases, disease stages, trial design, pre-CAR-T lymphodepleting regimen, and CRS grading scales.

Regardless, there is general consensus that tocilizumab should be administered at the time of moderate-to-severe signs of CRS in order to minimize rates of life-threatening CRS without altering CAR-T-cell efficacy. Both Tisagenlecleucel and Axicabtagene have published recommended guidelines for management of CRS with tocilizumab.[@cit0013] For Tisagenlecleucel, tocilizumab should be considered for patients who developed CRS symptoms requiring moderate-to-aggressive intervention (ie, hemodynamic instability despite intravenous fluids and vasopressor support, worsening respiratory distress including pulmonary infiltrates, increased oxygen requirement including high-flow oxygen and/or need for mechanical ventilation, or signs of rapid clinical deterioration). Tocilizumab may be repeated every 8 hours if there is no clinical improvement, but doses of tocilizumab should be limited to a maximum of four doses. Concurrent administration of methylprednisolone should also be considered if no improvement after first dose of tocilizumab.[@cit0058] For Axicabtagene, the recommended threshold for tocilizumab administration is somewhat lower than tisagenlecleucel. Patients who endorse moderate CRS symptoms (ie, oxygen requirement less than 40% FiO~2~, hypotension responsive to fluids or low-dose vasopressor) may be given tocilizumab. Similarly, doses can be repeated every 8 hours for a maximum of four total doses, and alterative CRS treatment such as corticosteroids should be considered if no clinical improvement is seen within 24 hours of Tocilizumab administration.[@cit0059] It is important to note that such proposed algorithms only serve as guidelines, and the decision for the optimal timing of tocilizumab administration will inevitably rely heavily on the clinical subjectivity on the treating institution. When managing a complex syndrome such as CRS, a multi-disciplinary approach cannot be overstated, and the critical care team should be made aware of all CAR-T therapy-treated patients in the hospital in order to facilitate urgent transfers to the intensive care unit when needed.

Unfortunately in rare circumstances, CRS may be refractory to tocilizumab and additional immunosuppression is needed.[@cit0060] Mechanisms of failure are unclear, but may be due to inadequate tocilizumab dosing to suppress a rise in IL-6, alternative cytokines driving the hypercytokinemia, or a compensatory feedback in IL-6 signaling as described earlier. Investigations for alternative therapies are underway, especially for patients with tocilizumab and corticosteroids refractory CRS.[@cit0061],[@cit0062] Siltuximab, an IL-6 antagonist, is an attractive candidate, especially as serum IL-6 levels have been shown to increase after administration of tocilizumab, presumably by preventing IL-6R mediated uptake of IL-6 into peripheral tissue.[@cit0050] Regardless, experience with siltuximab in CRS management is limited, and there has not been a head to head comparison between the two drugs to determine superiority.[@cit0063] Recent pre-clinical studies have also demonstrated encouraging results on dasatinib, a multityrosine kinase inhibitor, for patients refractory to standard CRS treatment by potently and reversibly inhibiting CAR-T-cell function.[@cit0064],[@cit0065] Other potential therapies include ruxolitinib, a Janus kinase inhibitor, anakinra, an IL-1 receptor antagonist, and Cytosorb cartridge columns; all of these have been used with anecdotal success, but prospective clinical trials will be needed to confirm their clinical efficacy as either first-line or refractory CRS therapy.[@cit0066],[@cit0068]

Use of Tocilizumab in COVID-19-Associated CRS-Like Syndrome {#s0007}
===========================================================

The current coronavirus disease 2019 (COVID-19) pandemic has inflicted a devastatingly high morbidity and mortality rate across the globe.[@cit0069],[@cit0070] Although we are only beginning to understand this disease's underlying pathophysiology, a unique sequelae of COVID-19 is the presence of a CRS-like response. A pathology report from the first patient in China that died from severe COVID-19 revealed a high concentration of proinflammatory cytokines,[@cit0071] a finding that was later confirmed in other published studies.[@cit0072],[@cit0073] Patients who develop this so called "hyperinflammatory state" will often rapidly progress into multisystem organ failure, therefore much urgency is needed to find an appropriate prophylactic or treatment strategy. In particular, elevated levels of interferon gamma (IFN-γ), IL-6, IL-8, IL-10, and IL-12 are associated with severe lung injury and adverse outcomes.[@cit0074] Based on these findings and the vast experience with this drug, tocilizumab has since been used to treat patients with severe COVID-19 and has demonstrated encouraging results.[@cit0072],[@cit0073],[@cit0075]

In China, a single center reported use of tocilizumab (dosing ranged from 80 mg to 600 mg) in 15 adult patients, of which 13 had severe disease. Five received two or more doses of tocilizumab, and eight patients received corticosteroids concurrently. The mortality rate was 20% (three of 15 patients) and, interestingly, deaths occurred in patients who only received one dose of Tocilizumab.[@cit0073] In another single center experience from Italy, two doses of tocilizumab 8 mg/kg were administered to 100 adult patients with severe disease. Thirteen received a third dose of tocilizumab, and none received other anti-cytokine or immune-modulating therapies. The mortality rate was 20% (20 of 100 patients).[@cit0072] Although these results provide encouraging evidence on tocilizumab's clinical efficacy in the treatment of severe COVID-19, larger randomized trials are needed to confirm this. Moreover, further studies will determine if tocilizumab may play a role in the treatment or prevention of the post-inflammatory Kawasaki-like disease observed in children with COVID-19.[@cit0076],[@cit0077]

Conclusion {#s0008}
==========

CAR-T-cell therapy has revolutionized the cancer therapy landscape over the past decade. However, despite such impressive clinical efficacy in the treatment of r/r neoplasms, its success is in part limited by potentially life-threatening CRS. Using targeted anti-cytokine therapy, tocilizumab remains a cornerstone in the treatment of CAR-T-cell therapy associated CRS as evidenced by its ability to dampen CRS without compromising CAR-T-cell efficacy along with its minimal toxicity profile. However, further studies are needed to elucidate the optimal timing of intervention, especially in patients who are at risk of developing severe CRS or if alternative agents are more efficacious in either first-line or refractory CRS therapy. Figure 1IL-6 signaling pathways and blockade of IL-6 signaling by monoclonal antibodies. (**A**) Classical signaling occurs via IL-6 interaction with membrane bound IL-6 and gp130. (**B**) Trans signaling requires IL-6 to associate with soluble IL-6R, thereby inducing homodimerization of gp130, leading to activation of the Jak/Stat pathway. (**C**) The monoclonal antibodies siltuximab and tocilizumab disrupt IL-6 signaling by blocking IL-6 or IL-6R, respectively.
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